Introduction: The aim of this study was to evaluate the right atrial (RA) and right ventricular (RV) size, and the speed of their normalization, in children after percutaneous closure of secundum atrial septal defect with the Amplatzer septal occluder. Material and methods: The study group consisted of 42 children, aged 4.5 to 18.5 years. The following measurements (indexed to body surface area) were performed using 2D echocardiography: longitudinal, transverse axis and area of RA, RV inflow dimensions at one-third, and halfway between the tricuspid annulus and the apex (in the apical 4-chamber view), short axis and M-mode RV diastolic dimensions. All measurements were obtained 24 h and 1, 3 and 12 months after the procedure, then annually over 4 years of follow-up, and compared with the values obtained from the control groups. Results: A significant decrease in all RA and RV values was observed after 24 h. Right ventricular transverse dimension normalized after 1 month, the RA longitudinal axis and area and the RV inflow dimensions after 3 months, and the RA transverse axis and M-mode RV diastolic dimension after 2 years, but the ratio of transverse to longitudinal RA axis remained significantly higher. Conclusions: Right atrial and right ventricular measurements decrease rapidly during the first 24 h, and most of them normalize within a 3-month period. M-mode RV diastolic dimension does not capture the real RV changes. Amplatzer septal occluder closure of ASD influences the RA geometry, which is reflected by the higher transverse to longitudinal RA axis ratio.
Introduction
Secundum atrial septal defect (ASD II) is one of the most common cardiac defects, accounting for approximately 6% to 10% of all congenital cardiac anomalies in children.
Marked progress in interventional cardiology has led to the development of a non-surgical method for ASD II treatment, and percutaneous closure of single ASDII has become the standard of treatment, possible in about 60-70% of patients depending on the defect location, size and patient's age [1] [2] [3] . The Amplatzer septal occluder (ASO) has been used since 1995. After multicentre clinical trials, the device was approved by the United States Food and Drug Administration (FDA) in 2002 for use in children and adults. For transcatheter closure using the Amplatzer septal occluder, Beata Kucinska, Bożena Werner, Maria Wróblewska-Kałużewska additional criteria are that the ASD II diameter is not excessively large for currently available devices, and there should be a distance of > 5 mm from the margins of the defect to the coronary sinus, atrioventricular valves and right upper pulmonary vein [4, 5] . The contraindications for percutaneous closure include too big defect or too small surrounding rims (except for the anterior rim toward the aorta). Symptomatic infants are usually treated surgically; however, the percutaneous approach has been performed in children with body weight less than 10 kg. Patients who do not fulfil criteria for percutaneous closure are qualified for open heart surgery, which is performed with good results in patients from the infancy period to late adulthood, although it is associated with morbidity, discomfort and a thoracotomy scar [6, 7] .
Right ventricular and right atrial volume overload are well known consequences of unclosed ASD II. Persistent shunt, resulting in right atrial dilation, may lead to symptomatic cardiac arrhythmias [1] .
The aim of this study was to evaluate the right atrial (RA) and right ventricular (RV) size and the speed of their normalization in children after percutaneous closure of secundum atrial septal defect with the Amplatzer septal occluder.
Material and methods
The study group consisted of 42 children treated with percutaneous closure of ASD II. The children ranged in age from 4.5 years to 18.5 years (mean: 11.7 years), and ranged in weight from 16 kg to 97.5 kg (mean: 42.7 kg). The patients' heights ranged from 106 cm to 176 cm (mean: 145.8 cm), and their body surface area (BSA) ranged from 0.69 m 2 to 1.87 m 2 (mean 1.3 m 2 ).
Transthoracic, two-dimensional echocardiography (Acuson Aspen system with 2.5-4 MHz probes) was used for ASD II diagnosis, preliminary qualification for the procedure, and RA and RV measurements. Echocardiography was performed by the same investigator in all patients. Each measurement was undertaken 3 times, and the mean values were taken for analysis.
In the apical 4-chamber view, the following RA parameters were determined [8, 9] : 1) RAD 1 -the longitudinal RA axis measured from the level of the tricuspid valve annulus to the opposite upper RA wall; 2) RAD 2 -the transverse RA axis measured perpendicular to the longitudinal axis in its midlength; 3) RAA -the RA surface area planimetrically determined ( Figure 1 ). Each measurement was obtained at end-systole of the ventricles, as recommended by Weyman [9] , and averaged from three consecutive cardiac cycles. The ratio of transverse to longitudinal axis (RAD 2 /RAD 1 ) was also calculated.
Because of the non-geometric shape of the RV the evaluation of RV size was made based on the measurements obtained from two-dimensional echocardiography, at end diastole, as recommended by Foale et. al., [10] and M-mode examination: 1) RVD 1 -measurement of the RV inflow dimension assessed in the apical 4-chamber view at one-third the distance from the tricuspid annulus to the apex; 2) RVD 2 -measurement of the median RV dimension assessed in the apical 4-chamber view halfway between the tricuspid annulus and the apex ( Figure 1) ; 3) RVD 3 -measurement of the RV transverse dimension assessed in the parasternal short axis view at the level of the mitral valve measured from the free wall of the right ventricle to the interventricular septum; 4) RVD 4 -measurement of the RV end-diastolic dimension assessed in M-mode echocardiography from the parasternal long axis view at the level of the mitral valve chordae tendineae. The follow-up TTE examinations were carried out at 24 h, 1, 3 and 12 months, and then annually for 4 years after the procedure. The control groups consisted of healthy children matched for age, body weight, height and body surface area with the study group.
The results of measurements in the study group obtained before the procedure and 24 h, 1 month, and 3 months after the procedure were compared with those of control K. The data obtained from the study group at 1, 2, 3, and 4 years after the procedure were compared with controls, K-1, K-2, K-3, K-4, respectively. For characteristics of the control groups see Table I .
One patient was excluded from statistical analysis due to concomitant significant valvular pulmonary artery stenosis, and another patient was excluded for non-compliance reasons.
Statistical analysis was performed with the statistical software package SPSS/PC+. Following confirmation with the Shapiro-Wilk test of normal distribution of continuous variables, the statistics of location and dispersion were described, including mean values, standard deviation and (in the case of significant dispersion) standard error of the mean (relative losses -differences in measurements in initial and remote phases).
Differences in the mean of more than two consecutive measurements were tested with repetitive analysis of variance, using the previous result as a contrast. For paired variables in the control groups and the study group (age, body weight, height, body surface area and gender), Student's t-test for related groups was used. A value of p < 0.05 was considered to be statistically significant. All tests were performed two-tailed.
Results
Single ASO were used in all patients, with diameters ranging from 11 mm to 30 mm and a mean diameter of 17.5 ±4.5 mm.
Complete closure was achieved in 38 children immediately after the procedure and in 40 patients after 1 year. There were no major complications during the procedure and follow-up. In 2 patients technical problems occurred: in 1 the Eustachian valve was entrapped on the delivery system, and in another patient the device was unstable and was repositioned. During follow-up 1 teenager developed symptomatic atrial fibrillation 3 weeks after the procedure. Before the procedure, all RA measurements were significantly higher in the study group than in the control group K (p < 0.0001). Twenty-four h following defect closure, the mean values of all assessed parameters decreased significantly as compared to the pre-procedure values; at 1 month, further significant reduction was observed only for RAA/BSA. The values of RAD 1 /BSA and RAD 2 /BSA remained significantly higher than in the control group K at 24 h and 1 month after ASD closure. 
Indexed right atrial measurements

Right atrial transverse (RAD 2 ) to longitudinal (RAD 1 ) axis ratio
Mean values of the RAD 2 /RAD 1 ratio determined before and after the procedure, in both the study group and the control group, are presented in Table III . There were no differences in the mean RAD 2 /RAD 1 values measured in the study group before and after the procedure. Following defect closure in children these values remained higher than in controls. This difference was statistically significant (p < 0.05) for all time points, except at 2 years following the procedure when it almost reached significance (p = 0.07).
Indexed right ventricular measurements
The mean values of indexed RV measurements obtained before and after percutaneous closure of the defect and the statistical interpretation of the results are summarized in Table IV . Before the procedure all RV indexed measurements in the study group were significantly higher than in the control K groups.
Twenty-four h following defect closure, the mean values of all RV indexed parameters decreased significantly as compared to pre-procedure values, but RVD 1 /BSA, RVD 2 /BSA and RVD 4 /BSA remained significantly higher than controls. No significant difference was demon strated for RVD 3 /BSA. Further significant reduction of all assessed RV parameters was also observed at 1 month, 3 months and 1 year following the procedure. Values of RVD 4 /BSA measured in the study group after 1 month, 3 months and 1 year of follow-up still remained larger than the values measured in the control group. The mean values of all RV measurements after 2, 3 and 4 years did not differ between each time point or as compared to respective control groups (p > 0.05).
Discussion
In the study group, complete closure of the defect was observed in 90% of the children immediately after the procedure and in 95% of the children after 1 year. This finding was similar to published results [6, 11] .
Technical problems which occurred in our patients had no impact on the final result of treatment and were reported previously [12] . Atrial fibrillation occurs frequently in adult patients following surgical closure of ASD II, as well as after other cardiosurgical procedures [13, 14] . Other arrhythmias detected in 24-h ECG Holter monitoring could also occur after percutaneous closure using the Amplatzer septal occluder [15] .
Changes in indexed RA measurements demonstrated a significant decrease in the longitudinal and transverse axis during the first 24 h after the procedure. The longitudinal axis as well as the right atrial surface area reached the mean value observed in controls after 3 months, whereas the transverse axis decreased more slowly and reached the control levels at 2 years after the procedure.
The results of a study by Kort et al. [16] , performed on a group of 38 patients with ages ranging from 1 year to 69 years, are close to those obtained in our study in terms of the parameter values obtained 24 h post-procedure. The cited authors reported a marked decrease of indexed RA surface area during this time; however, the indexed RA surface area did not normalize during the subsequent 2 years of follow-up, while in our study it normalized after 3 months of follow-up. According to these authors, the decrease in the RA surface area was inversely related to the pre-closure age of the patient. The persistence of an increased RA surface area could be attributed to a relatively high proportion of older patients with ASD II, in whom normalization of RA surface area is slower.
Our study demonstrated that the RA transverse axis decreased more slowly than the longitudinal axis, which may reflect the change in RA geometry caused by ASO of ASD. The argument for this observation is the persistence of the increased ratio of RAD 2 /RAD 1 (from 0.90 to 0.93) in patients during the 4 years of follow-up compared to healthy children (from 0.85 to 0.88). It is possible that the ASO may influence RA geometry by stiffening the interatrial septum, and this change may be reflected by a persistent increase in transverse RA axis. The role of a possible high geometric profile of the ASO was reported by Vogel et al. [17] based on their observations after ASD closure in children younger than 2 years of age.
In the studied children, all indexed RV measurements significantly decreased during the first 24 h after defect closure. During further followup all the parameters of RV assessed in the twodimensional study reached control levels during the first 3 months, whereas RVD 4 /BSA assessed in M-mode examination did not normalize until 2 years after defect closure. The results obtained by Eerola at al. [18] also show persistence of increased right ventricular M-mode dimension more than 1 year but the haemodynamic improvement is still faster in children treated percutaneously than surgically.
Kort et al. [16] reported normalization of indexed RV volume (RV volume/BSA) in children 2 years after ASD II closure with the ASO. It seems that due to the complexity of the RV geometry, in our opinion, the M-mode dimension alone does not capture the real ongoing changes in RV size after percutaneous closure of ASD and adding two-dimensional measurements could better reflect the ongoing changes. Also the use of three-dimensional echocardiography could be beneficial not only for assessment of RA but also for assessment of RV geometry [18, 19] . Our study had some limitations. The research group was heterogeneous, with patients' age ranging from 4.5 years to 18.5 years. The safety and efficacy of the procedure were not assessed in small children, because we qualified for percutaneous closure children with body weight higher than 15 kg.
In conclusions, the right atrial and right ventricular measure ments decrease rapidly during the first 24 h, and most of them normalize within a 3-month period. M-mode RV diastolic dimension does not capture the real RV changes. Amplatzer septal occluder closure of ASD influences the RA geometry, which is reflected by the higher transverse to longitudinal RA axis ratio.
